The diffuse scattering of X-rays (Cu Kal) has been investigated close to different Bragg reflexions of AI [Ehrhart, P. & Schilling, W. (1973). Phys. Rev. B8, 2604] and Cu after low-temperature electron irradiation (defect concentrations between 2 and 6 × 10-4). Measurements were done in directions parallel and perpendicular to the scattering vector. Recent results on copper are: (1) The symmetry of the long-range part of the displacement field around an interstitial has weakly tetragonal or cubic symmetry.
Introduction
Clustered defects have been the subject of a considerable number of X-ray studies in recent years. These studies have made use of lattice-parameter change, decrease in anomalous X-ray transmission, and integral * Research sponsored by the U.S. Atomic Energy Commission under contract with Union Carbide Corporation, and differential Huang diffuse scattering measurements. Such measurements carried out close to the Bragg reflections are most sensitive to the strain fields surrounding defect clusters and except for measurements made far out in the Brillouin zone, the scattering from the defect atoms themselves is small.
The theoretical framework for analyzing these measurements is largely contained in recent work by Dederichs (1971 Dederichs ( , 1973 and Trinkaus (1972a Trinkaus ( , 1972b and earlier work by Krivoglaz (1959 Krivoglaz ( , 1960 Krivoglaz ( , 1969 and Krivoglaz & Ryaboshapka (1963) . Some of the theoretical development, however, goes back as far as Ekstein (1945) and Huang (1947) and the concept of clustering was considered by Cochran & Kartha (1956) . Experimental studies have included those of neutron irradiation of copper (Gruber, B1ewitt & Baldwin, 1974; Larson & Young, 1971; Young, Baldwin & Dederichs, 1970) , neutron irradiation of silicon and germanium (Baldwin, Dunn, Thomas &Chen, 1972; Baldwin & Thomas, 1968; Colella & Merlini, 1966) , impurity clustering in germanium and silicon (Thomas, Stuber & Dearlove, 1972; Wenzl, 1971; Efimov, Sheikhet & Datsenko, 1970; Patel & Batterman, 1963) , ),-irradiation of lithium fluoride (Spalt, 1970) and studies carried out away from the Bragg reflection such as those applied to neutron-irradiated beryllium oxide (Keating & Goland, 1971 ) and diamond (Vance, 1971 ). In addition, defect clustering has been encountered during thermal annealing of low-temperature electronirradiated aluminum (Ehrhart & Schilling, 1973 ) and low-temperature ),-irradiated potassium bromide (Spalt, Lohstot6ter & Peisl, 1973) .
In this paper, the theoretical framework relative to measurements made at or near the Bragg reflections will be recounted and the application of the theory in the analysis of recent measurements on cobalt precipitates and dislocation loops in copper crystals will be discussed. The interrelation of lattice-parameter change, decrease in anomalous transmission and the various diffuse scattering measurements will be emphasized and their relative merits will be discussed.
Theory

I. Lattice-parameter change
The effect of lattice defects on the long-range correlations of lattice positions is measured by changes in the lattice parameter of a crystal. For cubic crystals, the lattice-parameter change induced by defects with dipole tensor P,,,n is independent of the elastic anisotropy (Keating & Goland, 1973) and given to first order by
a V 3Vc(C11+2Ct2) where V~ is the atomic volume, Cll and C12 are elastic constants and c is the fractional concentration (defects/ atom) of defects. Tr P,,z is the trace of P,m. This expression is normally expected to be adequate for specifying the lattice-parameter changes caused by point defects and clusters of point defects; however, for the special case of dislocation loops where equal numbers of vacancies and interstitials have aggregated into loops, equation (1) vanishes and higher-order terms must be considered.
An approximate higher-order expression has been developed (karson, 1974) in connection with the study of ambient-temperature neutron irradiation. The sec-ond-order lattice-parameter change resulting from prismatic loops of radius R and Burgers vector b, on {111} planes in an isotropic crystal, was found with the use of a method introduced by Lomer (1957) for stra!ght dislocations to be given approximately by
where 7~ is the Gruineisen parameter, K the compressibility,/~ the shear modulus and v Poisson's ratio. Being quadratic in b, this expression is positive for both vacancy and interstitial loops and, although this contribution is present in all cases, it is normally considered only when the first-order contribution vanishes.
II. Differential diffuse scattering
More detailed information about defects and defect clusters can be obtained from the diffuse scattering near Bragg reflections arising from the correlated distortions of the crystal lattice around defects. Making use of both the intensity and angular distribution of this scattering, one can obtain detailed information on the concentration, size and symmetry of the defects.
The differential cross section for this diffuse scattering can be written as (karson & Schmatz, 1974) 
dO where re is the classical electron radius, f, is the atomic scattering factor (including polarization), exp (-Mn) is the thermal Debye-Waller factor and An(q) is the diffuse scattering amplitude at a distance q from the nearest reciprocal-lattice point h in reciprocal space. The scattering amplitude can be written in terms of the distortion field s(r) around defects as (Dederichs, 1971) 'f 
where s(q) is the Fourier transform of the antisymmetric distortion field s(r). Because of the 1/q dependence of s(q), [Ah(q)l 2 can be approximated by
for small q. Here exp [-2L~(q) ], which in principle multiplies each term in equation (6) (Dederichs, 1971) , has been neglected.
L.(q)= -~-cos (q. r) {1-cos [h. s{r)]}dr (7) is the static Debye parameter (i.e. exp [-L~,(q) ] is the static Debye-Waller factor). Because of the absolute square, the first term is symmetric in q and is the dominant term given by (Trinkaus, f972a) l lh~G~,P,,,,qm[a (8) Iih. s(q)l z = V~ where G~. is the Fourier-transformed Green's function 1 I (~in eien
with e~=q~/q and d=Cn-Clz-2C44. For spherical clusters P,,.,= PoOnm (Dederichs, 1973) and for dislocation loops (Trinkaus, 1972b) where Pnm=(Cl2 Tr Q,m+dQ,,)g,,m+ 2C44Q,m (10) Q,m = ½(F,,bm + Fmb,,) , (11) in which b is the Burgers vector and F is the loop area directed normal to the plane of the loop. Considering all cubic-equivalent orientations to be equally populated with defects, equation (8) must be averaged over these orientations with the result that (Dederichs, 1973) where any of the cubic equivalent permutations of P,,,,, can be used in calculating the n's.
For small q, Ln(q) is always positive so the second term in equation (6) is antisymmetric in q because s(q)=-s(-q). This asymmetry leads to higher intensities for h. q > 0 for interstitial-type defects and higher intensities for h. q < 0 for vacancy-type defects. The amount of the asymmetry can be estimated from the approximate formulae derived for isotropic materials (Dederichs, 1973) I 2 hPo 3/2 (16) L"(q)/c~-15Vc Cll for clusters and
for dislocation loops. Considering Lh(q) a constant for small q, the average of the antisymmetric term is just (ih. s(q))Lt,(q)= h ],n171Lh(q).
(18) q At q.,, 1/R the third term in equation (5), which vanishes for q--> 0, makes a significant contribution. This contribution, which is of opposite sign to that of ih. s(q), is largely responsible for causing the cutoff of the 1/q 2 dependence of the Huang scattering and must be calculated numerically.
For q>> 1/R, the scattering is determined mainly by localized Bragg scattering from the highly distorted regions close to the defects according to the Stokes-Wilson approximation (Trinkaus, 1971) . The intensity of this scattering is difficult to calculate accurately, and estimates correspond to dot,, where ~(e)~ 120 has been obtained by theoretical calculations (Trinkaus, 1971; Dederichs, 1973) for strain fields of the form s(r)=AVr/4nr a. The applicability of this expression to anisotropic strain centers (such as loops) and the consequences of the departure of s(r) from ~ 1/r 2, for small r, in real cases are not clear. However, numerical calculations (Larson & Schmatz, 1975) performed for the case of small loops in aluminum with numerical distortion fields (see Discussion) have indicated ~(e)~ 160 to be reasonable for loops. This is not too different from the value calculated above for isotropic distortions.
III. Integral diffuse scattering
The most detailed information on defect clusters can be obtained from the differential diffuse scattering; however, integral diffuse scattering measurements (Larson & Young, 1973) made by increasing d.Q so that the diffuse scattering is essentially integrated over the Ewald sphere in the region near h, have also been found useful (Thomas, Baldwin & Dederichs, 1971; Dederichs, 1971 ). The analysis of this scattering makes use of some approximations and the assumptions that the type of defects is known (loops, clusters).
If only the symmetric part [given by ½{a~,(-q0)+ an(q0)}] is considered, the integral diffuse scattering is given formally by an integral over all q's falling on the Ewald sphere so that I da], (q) dS(q) a],(qo) = E.S. dO K 2 (20) where qo=h cos OBAO characterizes the geometry as shown in Fig. 1 and is the minimum q contributing to the scattering for a rocking angle, AO, of the crystal off the Bragg angle 08. K=2n/2 is the radius of the Ewald sphere in reciprocal space and dS(q) is an element of area on the Ewald sphere so dS(q)/K z is an elemental solid angle for the measurement. Since defect clusters contribute significant diffuse scattering over only a small range of q compared to K, the surface of the sphere can be approximated as a tangent plane. In this case
where q =qo+q', q' is a vector in the tangent plane perpendicular to qo and ~b is the rotation angle of q' in the plane. The symmetric integral scattering cross section is now
This is a very complicated integral and at present cannot be evaluated in general. For the case of dislocation loops, however, approximations can be made which make it possible to evaluate this integral.
The approximations made are first that da],/d.Q(q) is sufficiently isotropic so that it can be replaced by its isotropic average over all q and that the 1/q z dependence changes to a 1/q 4 dependence at q=qL for purposes of performing the integral over the tangent plane in equation (22). The cross section in the Huang region is therefore defined by the isotropic average of equation (12) and the cross section in the Stokes-Wilson region is determined by the requirement that it be equal to the Huang cross section at q = qL (Larson & Young, 1973) . Choosing the appropriate qL is therefore the crucial problem.
With these approximations, equation (22) can be evaluated straightforwardly for loops with the result ( Larson & Young, 1973) ,
where r is defined by the spherical average
from equation (12). The integral diffuse scattering as a function of qo is therefore characterized by a region qo<_qL varying logarithmically with qo and for qo<qt, by a region varying as l/q~. These two regions can be identified directly with the Huang and Stokes-Wilson regions respectively, and the identification of qL with the loop radius, R, leads to an analysis of this scattering in terms of the number and size of the loops.
IV. Anomalous transmission
The ratio of the integrated Borrmann intensity transmitted through a crystal with defects, Eda, to that through a crystal without defects, Ep~r, can be written as Larson & Young, 1971) Edef =exp (-p't), (26) Eper where t is the effective thickness of the crystal and p* is the absorption coefficient resulting from the lattice distortions around the defects. For clustered defects, , t/*=/'/PE + ]-'/DS where/-/PE represents the increased photoelectric absorption resulting from the static displacements of lattice atoms out of their normal positions.
Pos characterizes the loss of X-rays from the anomalously transmitted beam by diffuse scattering of X-rays out of the Bragg direction as a result of the correlated lattice distortions around the defects.
In cases where pot> I0 (/.t0=linear photoelectric absorption coefficient) PPE and Pos can be written as and ppE~/Z0 exp (-Mh)L~,(q)
where a~, is the integral diffuse-scattering cross section given by equation (22) and qc =4nrefh exp (-Mh)/Vch is the reciprocal extinction length (Larson & Young, 1973; for the reflection excited and corresponds to an effective q0 value for this condition, where A0=0, given by the intrinsic width of the reflection. If it assumed that the Huang scattering is isotropic, a~(qc) would be given directly by inserting qo = qc in equation (23); however, in this case it is not necessary to make the isotropic approximation because only q's in the tangent plane (Ewald sphere) are allowed since the Ewald sphere goes through the reciprocallattice point. The average in equation (25) is then not a spherical average, but simply an average over q directions in the tangent plane, which can be performed with equation (25) by replacing the spherical average with the planar average.
It is useful to note that the parameters measured in anomalous-transmission experiments are contained in the diffuse-scattering considerations above. The static Debye parameter L~,(q) can apparently be measured with more precision by anomalous transmission because of the amplification by /~0 in equation (27), whereas the diffuse-scattering cross section is much more informative as measured by integral diffuse scattering because of the ability one has to vary q0.
Application
]. Huang diffuse-scattering contours
In order to demonstrate the possibility of using Huang diffuse scattering for making detailed investigations of defect clusters, differential diffuse scattering measurements have been made (Larson & Schmatz, 1974) near the 200 and 111 reflections on copper crystals containing spherical cobalt precipitates and copper crystals containing dislocation loops. These two systems have been extensively studied by electron microscopy (Degischer, 1971; Rfihle, H/iussermann & Rapp, 1970) and therefore offer the possibility of verifying the predictions of the theory for two widely differing cluster types. The cobalt precipitates were produced by aging Cu-1 wt. % Co crystals at 570°C (17 h) and the dislocation loops were produced by ambient-temperature neutron irradiation. The measurements were made with a three-axis diffractometer where the third axis made use of a perfect crystal for high-resolution, nondispersive angular analysis of the diffuse scattering.
The relative intensity contours for these two systems near the 200 reciprocal-lattice point are shown in Fig. 2 and demonstrate the qualitative features expected for these systems. The main feature is that spherical or isotropic displacement centers (cobalt precipitates) give rise to essentially no scattering perpendicular to the reciprocal-lattice vector while anisotropic defects (dislocation loops) scatter heavily in all directions. Further, the asymmetry in the scattering for the two cases is opposite in sign, which fact can be interpreted as a direct indication that the distortions are inward around the cobalt precipitates and that, although both vacancy and interstitial loops exist in the irradiated crystal, the larger loops (which scatter more heavily) are of interstitial type. Fig. 3 shows the symmetric part of the Huang scattering for both the 200 and 111 reflections of the Cu-Co system along with the calculated contours equation (12)] for the spherical-defect model. Calculated contours assuming elastic isotropy in the lattice are shown as dashed lines. It is clear that the elastic anisotropy must be considered in detail. In Fig. 4 , similar contours are shown for the neutronirradiated system, again showing the good agreement between the measured contours and those calculated for unfaulted ( 111 ) loops. Electron-microscopy studies have shown the larger loops in irradiated copper to have (110) Burgers vectors.
Finally, in order to demonstrate that the antisymmetric scattering does not carry any information on the symmetry of the defects, the contours for the antisymmetric scattering around the 200 point are shown for both systems in Fig. 5 . The signs are reversed, as a result of the opposite distortions, but the shape is the same for both defect types and, as expected from equation (18), is of the same form as that for the symmetric intensity contours for isotropic distortion centers. 
I I. Size distribution of dislocation loops
The most detailed information on the concentration and size distribution of defect clusters can in principle be obtained from the intensity and q dependence of the differential Huang scattering discussed in the previous section. Separate studies of this point have been made in both of the above cases and aside from some interparticle effects in the Cu-Co system, the intensities and q dependencies were found to be in general agreement with that expected for these systems. However, up to now these measurements have not had sufficient statistical accuracy to obtain size distributions from the data directly. As an alternative method for the case of the dislocation loops, integral diffuse-scattering measurements have been performed and analyzed directly in terms of the concentration and size distribution of the loops. Fig. 6 shows integral diffuse-scattering measurements on a neutron-irradiated sample made with Cu K~ X-rays and the l ll reflection. The general features of a logarithmic dependence at small q0 and a 1/q 2 form for large q0 as predicted by equations (23, 24) can be observed in these data. The solid line represents a leastsquares fitting of equations (23, 24) to these data with the numbers of defects per unit volume as parameters and qz = I/R (see Discussion). The ratio of the symmetric diffuse scattering P(qo) to the incident beam power, I0, is given by 
where c(Ri)/Vc is the number of defects of radius Ri per unit volume. In order to reduce the number of parameters and spurious detail generated by small experimental deviations, the c(R~) were not fitted directly, but were generated by fitting I0 exponential [cj exp (-RI/Rj) ] distributions, the sum of which gave the final distribution shown in Fig. 7 . The hatched area represents the uncertainty (generated by the uncertainty in the measurements) in 7.5 A sections of the distribution with the remaining part of the distribution fixed. The individual points on this graph refer to electron-microscope measurements (J. C. Crump III, Private communication) made on a similarly irradiated sample and reduced to the units of (loops/cm3/A). The error bars on the microscopy points refer only to the statistical uncertainties in counting defects. The overall agreement of both the shape and magnitude of the distributions is quite good, considering that there are no arbitrarily adjustable parameters. At the lowest sizes the agreement is not as good; however, the uncertainties in both measurements tend to increase in this range, so this may not be significant. Fig. 8 shows the size distribution of loops (loops/cm3/ 7.5/~,) produced by irradiations with 1.0 and 7-2 x 1018 n/cm z at 316°K. The upper curve corresponds to the same dose as in Fig. 7, but measured on a different sample; it can be used as a measure of the reproducibility of the procedure. As a function of dose, it can be seen that the number of smaller loops has increased less rapidly than the dose while the density of larger loops has continued to increase at least as fast as the dose. This behavior can be qualitatively anticipated from the change in shape of the diffuse scattering as a function of dose as plotted in Fig. 9 . The small q0 scattering which weights the larger loops more heavily increases approximately linearly with dose while the large q0 intensities, weighting smaller loops more heavily, tends to saturate with increasing dose. This change in the size distribution, then, leads to larger average sizes for increasing neutron doses.
X-RAY
STUDIES OF DEFECT CLUSTERS IN COPPER
III. Annealing character&tics of dislocation loops
Integral diffuse scattering has been used to study the annealing characteristics of dislocation loops in copper after liquid-helium-temperature irradiation (irradiated at FRM, Munich, by H. Peisl) and warming to room temperature. The size distributions present at room temperature and after annealing to 185 and 300°C are shown in Fig. 10 . The average size of the loops is considerably smaller than that found for similar irradiation doses at ambient temperatures. As a function of annealing, the average size tends to increase owing to the rapid fall off in the number of smaller loops and the increase in the number of larger loops. Since the larger loops are known to be of interstitial type, this increase in the number of larger loops seems to in- N(R) is a factor of 7.5 larger than in Fig. 7 .
More information on the annealing behavior of these loops is given in Fig. 11 where the fractional annealing of the first through the fourth moments (determined from the size distributions) are plotted as a function of 30 min anneals at the given temperatures. The decrease in the lower moments at the lower temperatures is a reflection of the preferential loss of smaller loops at these temperatures and the increase or reverse annealing in the fourth moment is a result of the initial increase in the number of larger loops. These large differences in the annealing behavior as a function of size emphasize the importance of performing such studies with techniques that are sensitive to the size as well as to the number of defects in order to obtain unambiguous information.
IV. Point-defect concentrations
In addition to the size distribution and concentration of defect clusters, the total number of point defects contained in these distributions is of interest. In general some measure of this quantity can be obtained from the asymptotic Stokes-Wilson scattering, which, according to equation (19) is proportional to the total defect volume ]A V]. If q~(e) and A V per point defect in the clusters are assumed to be known, the number of point defects is available directly.
For the case of vacancy and interstitial loops, JA V] corresponds to one atomic volume per point defect and according to equation (24) The number of point defects in the size distribution can then be determined, independent of the form of the size distribution, directly from the intensity of integral diffuse scattering at large q0.
Since nr, o is proportional to the second moment of the size distribution [equation (32)], the second graph in Fig. 11 gives directly the annealing behavior of npD for the low-temperature-irradiated crystal. A similar annealing study was made of a copper crystal irradiated to 3.6× 1018 n/cm 2 at 316°K in which 20 rain anneals, in steps of AT=T/IO, were performed and measurements made after anneals at the temperatures shown in Fig. 12 . The fraction of point defects remaining as determined by integral diffuse scattering and the fraction of electrical resistivity (R. R. Coltman, Private communication) remaining in a copper specimen, irradiated in the same facility for 4.1 × 1018 n/cm z, are shown as a function of annealing temperature. Up to the highest-temperature anneals where the uncertainty in the X-ray measurements increased, the two parameters seem to have the same annealing behavior. The absolute number of point defects inferred from the X-ray measurements (assuming ~ = 1 for h = 111) was about a factor of three higher than that inferred from electrical resistivity with a resistivity of 2p,Qcm/at. % Frenkel pairs for isolated defects used in the estimate.
V. Quantitative comparison Of dif-J'use scattering, lattice parameter, and anomalous transmission studies
The detailed information in the size distributions obtained from the integral diffuse-scattering measurements can be used to make quantitative comparisons of the information on the defect systems as obtained with each of the X-ray techniques. Table 1 contains the measured values of the lattice-parameter changes (Larson, 1974) and anomalous transmission absorption coefficients (Larson & Young, 1973) for copper crystals irradiated with 1.0-10.8 × 1018 n/cm 2 at 316°K. The calculated values were calculated directly from the size distributions obtained from integral diffuse scattering with Aa/a, given by equation (2), poE, given by equations (17) and (27) and PDs given by equation (28). npo was obtained with equation (31).
Qualitatively, the agreement is quite good. The saturation in the dose dependence of the lattice-parameter change is reproduced and the linear increase io p* with dose is reproduced. In addition, the diffuse scattering part of p* is quantitatively in good agreement with those measured. PPE is calculated in the table to be consistently ~30 % lower than observed and the calculated lattice-parameter change is about half of that measured. Since the calculations of PPE and Aa/a were based on isotropic expressions while that for pos considered the anisotropy directly, the relatively low values of pPE and Aa/a may be in part related to the anisotropy of the copper lattice. Other numerical dilation calculations, in which elastic isotrepy is assumed, (Seeger & Brand, 1967) that were previously overlooked (Larson, 1974) would lead to Aa/a,,,40% lower than those calculated here. However, until the sizeable anisotropy effects of copper (Ohr, 1974) are taken into account, all of these second-order dilation calculations must be considered tentative.
Compared to previously published work (Young et al., 1970) , these results indicate a significant improvement in the understanding of the dose dependence of the anomalous transmission, lattice-parameter concentration and size distribution of dislocation loops formed by neutron irradiation.
Discussion
I. Huang diffuse scattering
From the scattering results shown in Figs. 2-5 it can be seen that the characteristic symmetry and the sign Aa/a (10 -6) 12.5 5.5 29 16 42 19 50 23 p* (cm-1) 6-2 5"4 23 20.5 49 46-7 75 71 PPE (cm -1) 3"3 2"5 12"3 9"0 23"4 18"6 36 27 PDs (cm -1) 2.9 2.9 10.7 11.5 25.6 28.1 39 44 npD (10 ,9 cm -3) 1"25 3.9 5"8 7.4 of the distortion produced by defect clusters can be determined from the angular distribution of Huang scattering. The general shape of the scattering contours on particular planes going through the reciprocal-lattice point has been considered for this demonstration; however, in general 7r l, /Z'2, and na [equation (15)] determine these contours completely through equation (12) and the symmetry of the defects can be determined directly through a determination of the n's. This latter procedure requires measurements in only a few appropriately chosen h and q combinations and has been used in point-defect studies (Erhart & Schilling, 1974; Spalt et al., 1973) . Except when small cluster sizes are involved, the condition of q~l/R for Huang scattering requires high-resolution measurements and crystals of low mosaic spread. This puts rather stringent demands on the experimental scattering geometry and on the preparation and handling of samples. However, if the q dependence of the scattering can in fact be measured with high precision out to large q in addition to the measurement of the angular distribution of the scattering, this technique seems to offer the most detailed information on clustered defects available through X-rays.
If. Integral diffuse scattering
Although the analyses of these measurements assume some knowledge of the type of defects present, the relatively high intensities associated with these integral measurements have made them quite useful in the characterization of the concentration and size distributions of dislocation loops. Since these measurements only require collimation ot the beam incident on the sample and not of the scattered X-rays, this measurement is much easier to perform than the differential measurements above. Measurements associated with large clusters still impose the requirement of low-mosaic-spread crystals in order to make measurements at small q0. In general, the product ofh times the mosaic spread being much less than I/R is the kind of restriction imposed on the crystal perfection for both differential and integral diffuse scattering.
With the present calculational methods unable to specify the scattering at large q with high accuracy, the approximations introduced in this integral diffuse scattering seem to represent a reasonable compromise for quantitative studies of defect clusters. The simple experimental requirements and the relatively high intensities associated with these measurements tend to make them quite suitable for systematic work such as step annealing or studies of the effect of irradiation conditions in irradiation-damage applications. While the work presented here included only that on dislocation loops, from Fig. 3 it would appear that the 111 reflection could be used in connection with spherical defect clusters. In any case, numerical procedures can be developed which deal with the scattering anisotropy directly for any of the defect configurations if a numerical integration of equation (22) is considered.
III. Lattice-parameter change
The measurement of the lattice-parameter change caused by crystal defects is in principle one of the easiest measurements to perform since it requires only the determination of the Bragg reflection angle. When only one type of defect is present, these measurements can be used in conjunction with nl [equation (15)] to determine the strength (A V) and concentration of the defects. That is, with the use of equations (1, 15) , both c and Tr P,,,, can be determined unambiguously, as has been done for self interstitials in aluminum (Ehrhart & Schilling, 1974) . When more than one kind of defect, or defects with varying sizes are present, the information contained in the lattice-parameter change becomes somewhat ambiguous and is therefore less useful as an analytical tool. This was especially true in the case of neutron-irradiated copper where there was not only a distribution of sizes, but both vacancy and interstitial loops were present. In these cases the latticeparameter change does remain a qualitatively useful tool, but interpretations of such measurements without independent information on the defect configurations are rather dangerous.
IV. Anomalous transmission
The requirement of low-dislocation-density, strainfree crystals for the application of this measurement puts the most severe restrictions on sample preparation and handling of all the X-ray measurements. For this reason this technique can be applied only to a rather restricted number of materials and this eliminates many systems of practical importance. The absorption coefficient,/t* =/-/PE -~" ]-/DS, does provide a well defined measure of the strain parameters in terms of the static Debye-Waller factor and the integral diffuse scattering cross section [equation (28)] which for loops correspond to third and fourth moments of the size distribution of the defect clusters. As is the case for the lattice-parameter change, independent information on the defect configurations is required to make an unambiguous interpretation of these measurements.
V. Huang-to-Stokes-Wilson transition
The specification of the effective q at which the Huang scattering makes the transition to the l/q 4 dependence of the Stokes-Wilson approximation is of central importance in the analysis of diffuse-scattering data so the handling of this point will be considered in some detail. In the work presented here, this parameter was required only for the integral diffuse scattering since the differential Huang scattering was confined to small q without consideration of the sizes of the defects, in the integral diffuse scattering the inherent averaging over a wide range of q directions in the measurements made it reasonable to use anisotropic averaging of the intensities of the Huang scattering from small q. Therefore, the approximation of an isotropic transition at q=q,~ to a l/q 4 dependence with isotropic intensities in the large q region, does not further affect the degree of approximation in the analysis, provided the appropriate qL can be found.
Since analytical expressions for the scattering in this transition region do not exist, the effective value of qL used for loops was estimated from numerical diffusescattering calculations for dislocation loops in aluminum. These calculations were carried out for qllh and q_l_h for small, prismatic loops on {111} planes at h= 200, 220, 222 and 400 with numerical distortion fields for isotropic crystals as evaluated by Ohr (1972) . These calculations do not show a well defined transition point of the scattering to a simple 1/q 4 dependence for large q; however, an average qL "" 3"2/l/hbR (i.e., ~ = 3.2/l/hb) was found which roughly reproduced the cutoff of the l/q z region and the average intensity in the large q region. This corresponds to qL~--l'3/R for h = 111 in aluminum. However, this value has not been applied to the case of copper directly because of the high elastic anisotropy in copper; rather, a reduced value of qL = 1/R has been chosen because the displacements normal (which are the most important here) to {111} loops have been found (Ohr, 1974) to be considerably larger in copper than in isotropic materials. For r > 3R these displacements in copper are a factor of two larger than that for isotropy and even at r=R they are a factor of 1.2 larger. If it is assumed that the displacements in this region (R-3R) have a significant effect on the cutoff value, the 25 % reduction employed for copper is in analogy with the effect that would occur for similar increases in h (i.e., qLOCl/~/hb) since h and s(r) enter as the product [equation (5)].
Errors in this determination of qL=C~/R affect the determination of npD [equation (31)] according to ~2, so a change of (1 +A) in qL leads to a (1 +ZJ) 2 change in npD. The effect of such a change on the interpretation of the size and concentrations of defect clusters using equations (23, 24) would be a (1 +A) change in the inferred size and, owing to the R 4 dependence of the intensity, the change in the concentration would be (1--[-zJ) -4. Therefore, if qc is chosen larger than its actual value, the cluster size will be overestimated and the number of clusters will be underestimated. For size distributions with monotonically decreasing concentrations as a function of size such as in Fig. 7 , these two effects partially compensate and minimize the change in the size distribution; however, for cases where the concentrations increase with size the effects are larger.
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